Current advances in connected sensor technologies for near real-time environmental monitoring are transforming the quality of information provision to land managers. This "Third Industrial Revolution" that connects digital sensor data analytics with adaptive services aims to transform data processing for timely decision support. The information is needed to improve irrigation scheduling, because global demand for food relies heavily on irrigation and global freshwater resources are diminishing. Previously, practitioners used visual indicators, infrequent measurements or predictive water balance models to estimate irrigation schedules. Visual indicators and infrequent measurements are approximate, and predictive models require many inputs so that likely cumulative errors cause inaccuracies in scheduling. In contrast, wireless sensor networks enable near real-time continuous measurement of soil moisture at targeted positions providing the site-specific information required for precision irrigation scheduling and efficient freshwater management. This paper describes and compares the structure, build and implementation of Crossbow, DigiMesh, and LoRa systems to deliver information on spatio-temporal soil water status and crop stress to practitioners over smart phones and webpages to improve management of irrigated land. Our study found that the newer LoRA system has advantages over the other systems, especially on flat land, with furthest node range of >10 km and advanced communication protocols that can penetrate dense vegetation. The mesh networking of the DigiMesh and Crossbow systems was preferred in hilly terrain to communicate around hills, and allows easy expansion of the network. The Crossbow system is simpler to install but presents difficulties for third party sensor integration. All systems allowed a step change in our ability to track dynamic changes in soil hydraulic properties and crop stress, to improve irrigation water use efficiency.
Introduction
Three critical stages have been defined in a nation's economic evolution: 1) mechanical, 2) electrical, and 3) information technology [1] . It is the third stage that critically creates and delivers added value that is essentially intangible, processing data from a decision-making perspective to improve, for example, natural resource management and life quality in general. The recent "information explosion" utilizing sensors, communication and digital technologies, and cloud-based computer systems, has been termed the "Third Industrial Revolution". It provides spatiotemporally fine resolution measurements and the challenge is to manage this information within the context of societal and environmental needs [2] [3] . In the 21 st century, over 70% of globally allocated freshwaters are used by agriculture [4] [5] [6] . In developing countries, over 80% of freshwater is being used for irrigation. Increasing agricultural demand on freshwater is unsustainable in many parts of the world. To improve sustainable freshwater use by agriculture it is imperative to improve irrigation efficiency [7] . A major problem with traditional irrigation scheduling is that a fixed amount of irrigation water is typically applied at one time based on a simple decision-making process that might use, for example, knowledge of soil moisture, climate and crop stage through visual inspection or simple models. This uniform application approach often leads to over-irrigation of some parts of the land, sometimes causing excess drainage, while other parts are under-irrigated resulting in yield loss. With a clear understanding of the benefits of varying irrigation according to spatial differences e.g. [6] , one of the key pieces of information that practitioners now demand to improve irrigation efficiency is timely information about the spatial differences in soil water status at appropriate scales [8] [9] . In the past, soil, climate and crop data have been fed into predictive water balance models to estimate irrigation scheduling. Although these numerical models were developed to obey the law of physics and mathematics, they rely on the quality of the environmental parameter inputs such as crop growth stage, evapotranspiration, soil water-holding capacity, and relative humidity. The accuracy of the predictive results is therefore only as good as the accuracy of the parameters fed into these models [10] [11] . A 2-mm over-estimation of weekly irrigation for a 100-ha farm by a predictive model would waste over 50,000 m 3 freshwater seasonally. This is a financial loss and also increases risk of contaminant leakage in drainage waters. Saved water can be allocated elsewhere to increase crop production, especially relevant where there are freshwater resource constraints.
Therefore the challenge is to develop a method that continually measures soil moisture through crop growth stages to inform irrigation timing and reduce Wireless Sensor Network water stress, because this has been shown to improve irrigation water use efficiency and crop yield [6] [7] [12] . Indeed, there is evidence to show that soil moisture monitoring can be the most important piece of information for accurate irrigation scheduling [13] . As a result, and with the affordability of new soil moisture-sensing technologies, many practitioners have taken up direct soil moisture monitoring-based irrigation scheduling [10] . After a 4-year simulation at 5 sites, water savings of up to 27% were reported using a variable rate irrigation (VRI) system using software with individual sprinkler control to spatially vary irrigation informed by near-real-time soil moisture monitoring [14] . Other researchers found that time-based irrigation control with direct soil moisture monitoring saved irrigation water by up to 47% [15] . Case studies conducted with commercial growers showed water saving of up to 25% could be achieved when direct soil moisture measured by a sensor network was adapted to control irrigation [16] . Irrigation based on direct soil moisture measurements has also been implemented by USDA in their Specialty Crops Research Initiative project [17] . These studies provide evidence for improved irrigation water use efficiency when irrigation scheduling is informed by soil moisture monitoring, but the degree of efficiency gains varies from site to site, depending on site-specific factors, such as the degree of soil variability.
Wireless sensor networks offer huge potential to provide timely, improved information to assist irrigation scheduling. Although the benefits of using direct soil moisture measurement to estimate irrigation scheduling have been recognized by practitioners, this proven technology was not available at high spatial and temporal resolution until the turn of the 21 st century, e.g. [18] [19] . As instruments used in the past to measure soil moisture data were bulky and expensive to use in large numbers, a predictive modelling approach was the common choice to estimate soil moisture for irrigation scheduling. However, recent advances in wireless technology using low-power digital radios operating in licence-free frequency bands allow direct continuous measurement of soil moisture, which is more appealing to practitioners than the predictive modelling approach. The limitations on network expandability of ZigBee WSN technology-the most common international standard protocol developed for building WSN networks-make it less appealing for monitoring soil moisture in the agricultural environment.
There is an increasing choice of wireless technologies available for customized builds, but comparative studies of their application to irrigation scheduling do not exist. We therefore reviewed and compared available technologies, by designing, building and successfully testing customized sensor networks using the Crossbow, DigiMesh, and LoRA protocols. This paper presents findings from this comparative study. 
Materials and Methods

Wireless Sensor Network System Options
Wireless sensor networks (WSNs) consist of sensors connected to nodes that wirelessly communicate through a common gateway to remote end users via apps, web pages, or direct control of devices. A wide range of environmental sensors may be connected to the nodes. Each node typically consists of a micro-controller, supporting electronics, and a radio communication module.
There are different protocols for node distribution and communication (topology). The two main WSN topologies are star topology and mesh topology. Star topology, a commonly used assemblage of nodes, has two types of nodes: 1) one coordinator node and 2) many end nodes (Figure 1(a) ). Usually end nodes are sleep-enabled, which means they can "wake-up" at regular defined intervals, exchange data with the gateway, then return to rest mode. The gateway is respon- self-discover, self-organise, and self-heal to derive the most energy-efficient pathways to relay data to a gateway (Figure 1(c) ). Sensor nodes can be routers or sleep-enabled, depending on power constraints (sleeping end nodes use less power but cannot route data).
ZigBee Mesh Networks
ZigBee [19] is a wireless technology developed as an open global standard to create low-cost, low-power, machine to machine (M2M) wireless networks ( Figure 1(d) [20] . ZigBee protocols define three types of nodes-coordinators, routers, and end devices-requiring one coordinator per network (Figure 1(d) ).
End devices are low-power, sleep-enabled devices that cannot relay data to the coordinator from other devices in the network. This inability of end devices to relay data is the major disadvantage of ZigBee protocols because main-powered additional routers capable of relaying data to other devices are essential to expand the sensor networks.
DigiMesh Networks (Full Mesh)
In contrast to the ZigBee networks, which have three node types, the DigiMesh networks have only one type of node, which can act as a coordinator, router or end device. This allows the formation of an expandable, simple, and reliable mesh network as routers may come and go through interference and damage in open agricultural environments. A comprehensive description of the two systems is given in [21] and [22] . As DigiMesh was developed by Digi International without affiliation with any other organization, the technology is not compatible with other commercially available radios. However, if used as the data transport layer, DigiMesh is more suitable than any other technology for forming sleeping sensor networks. Given that DigiMesh allows all nodes, including the coordinator, to sleep and therefore to reduce power consumption, the nodes can be bat- and Crossbow Technology were the main contributors to the development of the early wireless MICA sensor nodes [23] . MICA hardware consists of a series of thin processors, radios and sensor interfaces sandwiched together to create a wireless smart sensor, enabling advances in low-power CMOS electronic hardware. One of the main constraints for developing an operating system for this embedded system was optimization of energy and memory in the smallest hardware footprint possible. This was a major challenge for the wireless sensor network tasks: sensor measurement, routing data with minimum energy consumption. To meet this challenge, researchers at U.C. Berkeley developed an operating system called TinyOS that allows the networking, sensor measurements, and efficient power management with tight memory constraint. Crossbow Technology was one of the very first to adopt MICA technology and to build thousands of wireless sensor nodes for commercial use.
LoRa Technology
The LoRa Alliance, one of the most popular and fastest growing technology alliances, is a non-profit association of more than 500 member companies around 
Data Delivery Systems
The goal of a wireless sensor network is to send measured sensor data to web servers where they are stored in databases and made available to remote end us- Two common methods available to transport data to web servers are:
1) Option 1: a mesh sensor network that gathers data into a base station (Gateway) linked to the internet via a cellular network;
2) Option 2: each sensor node, in a star topology, is linked to the internet via a cellular network, creating a mesh sensor network on the cellular network.
Option 1 is more affordable because Option 2 becomes very expensive as the number of sensor nodes in the network increases, with each node requiring a dedicated SIM card and cellular connection with the data package. We trialled both options, and adopted Option 1 to monitor soil moisture at farms where cellular coverage was very weak and patchy. In this case, locating the gateway at a suitable point enabled the use of a high-gain Yagi antenna to connect it to a cell tower over 40 km away.
The Sensors
Crossbow, DigiMesh and LoRa WSNs were custom built to monitor: 1) soil moisture, and 2) crop canopy temperature to inform irrigation scheduling.
WSNs enable data to be collected at high temporal frequency and with low latency compared with conventional measurement methods, thus providing new information about dynamic changes in soil hydraulic properties and crop water stress.
Soil moisture was monitored using capacitance sensors (Delta-T Devices Ltd SM300 and ML2; Aquachek probes (Aquacheck USA©)) to inform irrigation scheduling. The effect of temporally variable soil hydraulic properties on soil water dynamics has previously been identified by other researchers [24] [25]
[26] [27] [28], but these observations were based on spot measurements at one point in time (e.g. physical soil sampling once a day), while the WSN technology provides a much richer dataset for investigating dynamic changes in soil hydraulic properties, e.g. pore size distribution changes after tillage, compaction, rain events and time [29] . The degree of soil compaction has a considerable influence on soil hydraulic properties such as infiltration rate, soil water retention, hydraulic conductivity and hydraulic response [30] [31]. Soil compaction can easily change over a few days, especially in very wet soils, due to, e.g. overgrazing by heavy animals or use of heavy farm machinery. The main cause of temporal change in soil hydraulic characteristics has been identified as the change in pore space distribution and soil structure. The effect of soil volume change on soil properties was recognized as early as 1917 [32] , and further studies on the effect of compaction and tillage operations on bulk density and total porosity have also been well-researched [33] - [38] . The size, shape, continuity and tortuosity of pores largely controls soil hydraulic characteristics, [39] 
Positioning the Sensors
WSN-enabled nodes were placed in multiple positions within a target area to simultaneously monitor soil and crop parameters. This approach required a spatial optimization process to guide positioning of the nodes. The method selected in this study was to use a detailed soil map, or, where this was not available, a proximal soil sensor survey system to map the study area at high resolution and derive a map of soil variability. Statistical analysis of the sensor data was used to stratify the area and to guide a stratified random sampling design [6] [48]. The proximal soil sensor was an electromagnetic (EM) sensor that measures the apparent electrical conductivity (EC) of the soil in millisiemens per meter (mS/m).
The sensor predominantly responds to soil texture and moisture differences under non-saline conditions [49] . Soil texture and moisture characteristics are two guiding attributes for soil classification, and therefore provide a powerful method to quantify soil variability in a way that reflects soil differences related to water storage characteristics.
Case Study 1: Crossbow WSN System
The first case study used a wireless sensor network for real time soil moisture monitoring created using Crossbow Technology products The Crossbow wireless sensor network was easily expandable as the network could self-form and self-organize with data hopping from one node to the other to transfer data to the base station; however, the network saves data in a database on a local server running on the base station, which makes the data vulnerable to being lost, i.e. it is not backed up. The web server running on the local base station provides the data visualization via a Mote View visualization interface ( Figure 3 ). The number of sensor nodes required per area to form a mesh network increases with the targeted area due to the short transmission range of each node.
The advantages of this Crossbow WSN system were its capabilities of self-forming, self-organizing, and self-healing, but it lacked the cloud-based data storage and data visualization functions.
Case Study 2: DigiMesh WSN System
Digi International Inc. does not provide complete wireless sensor network solutions for monitoring sensors in an agricultural environment. Instead, they provide software IDE (Integrated Development Environment) and hardware tools to help customers develop their own wireless mesh networks using their low-power radio modules and cellular or satellite gateways. The reason for selecting a proprietary DigiMesh system over well-established ZigBee alliance hardware was the easy expandability of the DigiMesh WSN. DigiMesh sleeping nodes are not only capable of routing data but also support true mesh networking options. This is the main advantage of using DigiMesh radios, which enables the WSN to be expanded with ease.
A range of DigiMesh radio modules covering licence free frequency bands 2.4 HHz, 900 MHz, and 868 MHz are available depending on the country's radio spectrum management laws. We selected 2.4 GHz radio modules with 60 mW, DSSS (Direct Sequence Spread Spectrum), which are allowed in New Zealand under free licence (General User Radio Licence for Short Range Devices https://gazette.govt.nz/notice/id/2017-go415).
Sensor nodes and sensors used in DigiMesh WSNs are shown in Figure 4 .
Wireless sensor nodes are installed in two soil zones according to the soil EC map ( Figure 5 ). Two soil moisture sensors are attached to one node at each monitoring location to monitor soil moisture at two depths in the root zone. To increase mesh network reliability it is important to install the wireless sensor nodes in such a way that one node could directly communicate with at least two other nodes. This increases the robustness of the wireless mesh network by increasing the chances of self-healing and self-discovery. As all wireless nodes in the DigiMesh network are capable of routing data, this arrangement also helps expand the wireless network reliably. The heart of a wireless sensor node is the XBee S3B module [50] to create the mesh data communication network layer, and a PIC18f25k20 microcontroller to act as the interface between different sensors to the S3B radio (Figure 4(a) Most sensors used in this case study needed 5 -12 V excitation, and power to them was supplied by a DC/DC converter via a digital pin of the microcontroller. All XBEE S3B DigiMesh radios in the network are configured to wake-up at regular intervals. Upon wake-up, the sleeping microcontroller is interrupted to take average readings of sensor outputs, transmitted through the serial interface to the XBEE S3B radio to the Gateway (Figure 4(b) ). The node microcontrollers are also configured to monitor tipping-bucket rain gauges via a hardware interrupt triggered by a state change on one of the pins. Rain gauge inputs are fed to the microcontroller via an opto-isolator circuit to avoid interruption from electric fences.
A DigiMesh WSN was also constructed and run on a laboratory bench to calibrate soil moisture sensors before installation into the field. The sensors were installed into intact soil cores, which were then subjected to wetting (saturation) and draining (at 100-cm suction) to simulate field conditions for three soil textures ( Figure 6 ). The soil moisture content at 100-cm suction is termed "field capacity" (FC) and aims to approximate the soil moisture at which a very wet soil ceases to drain. It is therefore the upper limit of soil moisture storage for plant use. The soil cores were placed on porous ceramic plates with a 0.5-bar air entry value, and these sat on electronic balances to enable estimation of gravimetric moisture content without having to remove them for weighing. Air drying was controlled by changing the relative humidity of the chamber using a dehumidifier. Soil moisture was recorded continuously and the data sent to a remote web page ( Figure 6 ).
Case Study 3: LoRa WSN System
A LoRa sensor network was designed using commercially available modules with a LoRa radio and Arduino microcontroller imbedded on a single circuit board We therefore compared these three sensor network systems (Crossbow, DigiMesh, LoRa) in operational field conditions, and report our findings in the next section.
Sensors interfaced with the wireless sensor nodes were:
1) SM300 (single point soil moisture content) (Delta-T Devices Ltd.);
2) ML2 (single point soil moisture content) (Delta-T Devices Ltd.);
3) Aquacheck (6-point soil profile moisture content probe) (Aquacheck USA©); 4) Infrared Radiometer (Apogee Electronics, USA). 
Results
A Comparison of the Features of the Crossbow, DigiMesh and LoRa Systems Relevant to Their Application to Irrigation Scheduling
The Crossbow system performed well in field conditions, but was unable to store data in cloud servers. Instead data are stored locally on a base station, which is interrogated remotely via a cellular or internet connection. If there is a power cut, the data cannot be accessed. However, it proved to be the easiest sensor network system to implement requiring least technical skills, and it included sensors specifically tailor-made to the Crossbow wireless sensor nodes. However, integration of other sensors, including the infrared radiometers was difficult, requiring professional electronic and software programming skills. We also noted that the polycarbonate housing for the solar panel deteriorated after one season reducing the solar recharging capacity. Although the Crossbow nodes are limited by their shorter range, their mesh networking capability allows the network to expand conveniently (Table 1) .
Digi International provide good customer support through articles and tutorials for assembling DigiMesh wireless sensor network systems, although greater electronic and software programming skills were required to get the sensor network up and running, compared with the Crossbow and LoRa systems. Also, we were unable to find any science publications on the application of DigiMesh technologies to agricultural monitoring. Implementation of the full mesh networking proved to be challenging, although the long range sensor nodes with full mesh working capability enabled easy expansion of the sensor network to LoRa technology does not provide mesh networking and it relies on star topology. However, the ability of the LoRa ISM band radio to penetrate dense vegetation enables more extensive coverage on flat land (Table 1) 
Visualization Tools for Using WSN Data to Inform Irrigation Scheduling Decisions
Currently, the preferred way of making field data available to practitioners who with maximum yield is to maintain the soil moisture between the two control lines for the targeted zone, and these visualization tools provide a user friendly decision support tool for this purpose.
The Irrigation Map in Figure 7 provides an alternative visualization method to present the irrigation requirement for each soil zone, combining and simplifying information from Figure 5 and Figure 8 . The measuring cylinder is a direct analogy to the two trend lines given in the soil moisture time series graph.
The practitioner can decide the amount of irrigation to apply based on the information that this provides. The empty measuring cylinder means 60% of plant available water has been consumed by the plants and it is time to irrigate. If the cylinders are still partially filled this indicates that some plant-available water is left in the soil. This pictorial visualization of irrigation requirements provided an intuitive, easy to understand decision support tool, and positive feedback was obtained from the practitioners who participated in these trials. Our trials indicated that these WSNs provided a valuable tool for irrigation scheduling. However, in addition, they provided some new insights into the dynamic nature of soil hydraulic characteristics and crop stress, as discussed below.
WSNs Track Dynamic Changes in Soil Hydraulic Properties
The soil moisture graphs ( Figure 7 and Figure 8 field capacity and a sharp drop once soil moisture exceeds field capacity (e.g. Figure 3 and Figure 8 ). The rapid decrease after a significant wetting event to field capacity indicates that the soil has effective drainage characteristics-important information for the land manager. In addition, the data in Figure   8 show that the soil moisture at field capacity varies with time. In Figure 8 , wetting and drying moisture profiles during the very first irrigation cycles after cultivation show lower field capacity values, suggesting that the disturbed soil matrix had a larger pore structure, with reduced ability to store water. Field capacity values derived from these dynamic soil moisture profiles tend to increase with subsequent irrigation cycles suggesting formation of a more stabilised soil matrix. These observations provide some evidence to suggest temporal change of soil hydraulic properties over time.
Further testing of this hysteresis effect with field capacity was carried out during the laboratory test for sensor calibration ( Figure 6 ), as shown for two wetting and drying cycles in Figure 9 . The results showed that the clay loam samples did not drop moisture content as rapidly as silt loam and sandy loam samples, when exposed to 100-cm suction. The WSN technology enables continuous monitoring of the soil moisture curve to and beyond field capacity, and investigation of the drainage characteristics of these soils in a way that was previously impossible. Figure 9 . A WSN used in a laboratory experiments to track soil moisture through two wetting and drying cycles.
WSNs Track Dynamic Changes in Crop Water Stress
The canopy and instrument body temperature data acquired from the Apogee IR wireless sensor network were used to estimate a crop water stress index. The
Apogee IR radiometer measuring radiation emitted from the target and instrument are shown in Figure 10 .
The data were converted to a crop water stress index, CWSI, using Equation
(1) originally proposed by Jackson et al., 1981 [44] . The CWSI is calculated using the plant canopy temperature (Tc) (internally corrected using the body temperature), with air temperature (Ta) and atmospheric vapor pressure deficit (VPD). 
Tc is the canopy temperature (˚C), Ta is the air temperature (˚C), and m, l, and u, designate measured, lower baseline (well-watered), and upper limit (completely stressed) canopy-air temperature differences, respectively. The lower baseline can be calculated (Equation (2)) using the vapor pressure deficit (VPD) in kPa, and the upper limit can be calculated (Equation (3) 
The conversion of the Apogee IR sensor WSN raw data into CWSI provides a Figure 10 . Canopy and body temperature measured for summer and winter.
scheduling tool, and an alternative or complimentary sensor method to soil moisture monitoring.
Conclusions
We have developed customized wireless sensor networks and data transfer methods via cloud-based databases to smart phone apps and webpages. The advantages and disadvantages of different systems and their topologies have been reviewed, and the developed systems have been evaluated in field conditions for soil and crop monitoring. In addition, we provide examples of how continuous soil moisture data streams can be interpreted to track dynamic changes in soil hydraulic properties, for example temporal changes in field capacity over a series of wetting and drying cycles, and how radiometer sensors can be used to monitor crop water stress. These wireless sensor network technologies harness environmental data, converting them into timely information to support the decisions of land managers for tasks such as precision irrigation scheduling. There are opportunities to further develop these systems as new environmental sensors and communication methods become increasingly available.
To summarize, customized wireless sensor networks provide data at an unprecedented scale-both in space and time-and, through the harnessing of powerful data management systems (e.g. cloud-based databases) and smart algorithms, rapidly convert the data into critically valuable information for decision support systems needed to improve management of productive lands and reduce negative environmental impacts.
